We analyze the response of a single nucleosome to tension, which serves as a prototypical biophysical measurement where tensiondependent deformation alters transition kinetics. We develop a statistical-mechanics model of a nucleosome as a wormlike chain bound to a spool, incorporating fluctuations in the number of bases bound, the spool orientation, and the conformations of the unbound polymer segments. With the resulting free-energy surface, we perform dynamic simulations that permit a direct comparison with experiments. This simple approach demonstrates that the experimentally observed structural states at nonzero tension are a consequence of the tension and that these tension-induced states cease to exist at zero tension. The transitions between states exhibit substantial deformation of the unbound polymer segments. The associated deformation energy increases with tension; thus, the application of tension alters the kinetics due to tension-induced deformation of the transition states. This mechanism would arise in any system where the tether molecule is deformed in the transition state under the influence of tension.
We analyze the response of a single nucleosome to tension, which serves as a prototypical biophysical measurement where tensiondependent deformation alters transition kinetics. We develop a statistical-mechanics model of a nucleosome as a wormlike chain bound to a spool, incorporating fluctuations in the number of bases bound, the spool orientation, and the conformations of the unbound polymer segments. With the resulting free-energy surface, we perform dynamic simulations that permit a direct comparison with experiments. This simple approach demonstrates that the experimentally observed structural states at nonzero tension are a consequence of the tension and that these tension-induced states cease to exist at zero tension. The transitions between states exhibit substantial deformation of the unbound polymer segments. The associated deformation energy increases with tension; thus, the application of tension alters the kinetics due to tension-induced deformation of the transition states. This mechanism would arise in any system where the tether molecule is deformed in the transition state under the influence of tension.
chromatin | DNA | single-molecule experiments | statistical mechanics | polymer physics S ingle-molecule experiments reveal the fundamental molecular mechanisms that underlie a number of biological processes (1) . The application of tension to proteins and nucleic acids acts as a method to coax nanoscale events to occur within time scales and length scales that are experimentally observable. A powerful methodology for interpreting nanoscale motions associated with tension-driven structural or chemical transitions is to cast the molecular states on a free-energy surface with a single mechanical degree of freedom (2) . Tension tilts the free-energy surface along this mechanical degree of freedom, resulting in a formal method of interpreting transitions in response to time-dependent tensions (2, 3) .
Implicit in this approach is an assumption that tension does not perturb the molecular structure, leading to changes in the shape of the free-energy surface. Recent treatments of tension-induced structural changes of the transition state using a multidimensional approach address the range of behaviors that can arise in single-molecule transition kinetics (4) . In this paper, we discuss an important example where tension alters the number of structural states and the transition barriers, providing a clear example where a complex, tension-dependent free-energy surface emerges naturally from a detailed physical model. Our results reveal a general need to consider tension-dependent deformation while interpreting transitions observed in single-molecule experiments.
Our meter-long genome is packaged within a micron-sized chromatin fiber whose remarkable design is compact yet accessible to the nuclear environment (5) . The fundamental unit of chromatin is the nucleosome, consisting of 146 bp of DNA wrapped approximately 1.7 times around a protein complex called the histone octamer (6) . The interactions between DNA and histones constitute the initial barrier to protein access to chromosomal DNA (5), thus a quantitative picture of DNAhistone interactions is critical to understand the biological function of chromatin.
Application of tension to nucleosomal arrays shows distinct ripping transitions due to structural rearrangement and dissociation of DNA from the histone octamers (7) (8) (9) . Pulling a DNA strand with a single nucleosome results in a reversible transition at 2.9 pN and an irreversible transition between 8 and 9 pN (10). Using theoretical modeling, we proceed to show that these transitions are a direct consequence of the applied tension and that tension-dependent DNA deformation leads to dramatic changes in the transition kinetics. These effects would arise in any singlemolecule experiment where the tether strand is deformed in the transition state, leading to a general need to have a robust prediction of the tension-dependent kinetics.
Model of Nucleosome Core Particle
We develop a theoretical model of the nucleosome as a wormlike chain bound to a spool, representing the DNA strand wrapped around the histone octamer (Fig. 1 ). This approach extends previous treatments (11) by accounting for thermal fluctuations in the spool orientation, the amount of bound polymer, and the conformations of the unbound polymers.
The bound chain segment, with N B base pairs (bp), adopts a left-handed helical conformation with radius R ¼ 4.18 nm and height per turn h ¼ 2.39 nm (6) . The spool orientation is defined by three Euler angles of rotation φ, θ, and ψ that define the orthonormal triadt i (i ¼ 1, 2, 3), wheret 3 aligns along the spool axis andt 1 andt 2 define the normals to the axis. The tangents of the chain ends that emanate from the spool at the positive and negative end positions are given bỹ
where
2 p is the length of chain per spool turn [N T ¼ L T ∕ð0.34 nm∕bpÞ], and α ¼ πN B ∕N T . The bound segment is assumed to adopt a perfect helix with fixed geometry, thus neglecting noncanonical wrapping (12) , DNA bulges (13) , and nonhelical segments that exist in the nucleosome (6) . We neglect twist deformation (14) , which is valid in the absence of torsional constraint, as in the Mihardja et al. experiments (10) .
The total free-energy change for binding N B base pairs to a spool relative to the unbound state is ΔF ¼ ΔF conf þ ΔF bind , where ΔF conf includes the free-energy contributions that arise from deforming the DNA configuration into the bound state, and ΔF bind gives the interactions among DNA segments and histone proteins.
The bending deformation energy of the bound chain is quadratic in the chain curvature and is given by
where l p is the persistence length of DNA, k B T is the thermal energy, and L B ¼ N B × 0.34 nm∕bp is the length of bound polymer. The chain ends are pulled with a fixed tension τ along thê z-axis; therefore, there is an energetic contribution associated with the work required to orient the spool against the external tension, given by
The chain ends thermally fluctuate with a bias due to the external tension, which acts as a dipole field interacting with the local chain tangent vector (14) (15) (16) (17) . From our exact results for the statistical behavior of a semiflexible polymer with fixed chain ends (14, 16, 17) , the Laplace-transformed Green function for a polymer chain of length L with one end clamped with orientation~u in a tension τ along theẑ-axis is given by
where p is the Laplace variable [conjugate to L∕ð2l p Þ], P l is the lth Legendre polynomial, ρ ¼ẑ ·~u, and the dimensionless tension τ ¼ 2l p τ∕ðk B TÞ. The function G l ðτ;pÞ adopts the form of an infinite continued fraction, given by G l ðτ;pÞ ¼ w 0 Q l n¼1τ a n w n for l ≥ 1 and G 0 ¼ w 0 , where w l is an infinite continued fraction governed by the recursive relation w l ¼ 1∕½P l − ða lþ1τ Þ 2 w lþ1 with
We define the partition function QðN B ;θ;ψÞ for fixing N B base pairs of a chain under tension τ on a spool with fixed orientation given by the Euler angles φ, θ, and ψ relative to a free chain under tension. This partition function is independent of φ due to rotational symmetry about theẑ-axis. The partition function Q is given by where p ⋆ is the largest value of p where w 0 → ∞ (principal residue) (17) , and β ¼ 1∕ðk B TÞ. This analysis extends the chain ends to infinity, thus neglecting end effects. This assumption is valid for both sufficiently large chain length and tension; both criteria are met for conditions in ref. 10 (see SI Appendix for validation).
The argument of the second Green function contains −τ due to the fact that the chain end that begins at~u − extends in the negativeẑ direction. The configuration free energy ΔF conf is
dθ sin θQðN B ;θ;ψÞ : [6] The change in theẑ-component of the end-to-end distance upon fixing N B base pairs on a helical spool is given by ΔZ ¼ −∂ τ ΔF conf . Therefore, the end extension of the DNA is given by Z ¼ k B T∂ τ log q free þ ΔZ, where q free is the partition function for a free wormlike chain subjected to tension τ (15, 17) . The free energy of binding ΔF bind involves a sum of DNAhistone and DNA-DNA interactions. We assume that each base pair binds to a site on the spool surface, thus each binding connection can be assigned a free-energy contribution. We choose to adopt a simple model of DNA-DNA interaction; namely, each base pair of DNA added beyond a single wrap contributes a free energy ν (11). Therefore, we write the free energy of binding for a DNA segment of length N B
where ϕ i gives the free energy of binding a DNA segment to the ith histone-octamer surface site, and ΘðxÞ is the step function.
To illustrate this binding model, constant binding affinity (
Þ, which includes contributions from binding (first term) and entropy (second term) associated with the number of ways of configuring the N B base pairs on 146 sites. We define the normalized spool-orientation probability PðN B ;θ;ψÞ ¼ QðN B ;θ;ψÞ exp½−βΔF conf ðN B Þ [8] to give the probability for the spool orientation to be fixed at θ and ψ, noting invariance to the first Euler angle φ. This concludes the derivation of our model; we apply this model to understand the physical behavior of a single nucleosome under tension in the following section.
Results
The response of a single nucleosome core particle to external tension is measured using single-molecule optical-trapping techniques in the experiments of Mihardja et al. (10) . With increasing tension, the experiments reveal two distinct events where segments of DNA are released from the histone octamer. The first unwrapping event is mechanically reversible and exhibits 2-state hopping behavior when held at a constant tension of 2.9 pN. The second unwrapping event occurs between 8 pN and 9 pN. This transition is irreversible on the time scale of the experiments, such that the rewrapping transition occurs at substantially lower tensions. Our aim in this section is to use our theoretical model to explain the observed behavior in these experiments. Observation of specific transitions within the nucleosome core particle requires that structural events must be distinguishable from inherent thermal fluctuations in the spool orientation and in the conformation of the DNA strands. With an increase in tension, these fluctuations are suppressed, and molecular events are more readily observed experimentally. The transition from the spool being randomly oriented to it being locked occurs when the free energy for tilting the chain end orientations is comparable to k B T. To show this, we explore the change in free energy for rotating an infinite chain under tension from having an end orientation aligned along the tension direction to it being perpendicular, written as 
We plot ΔF ⊥ as the solid curve in Fig. 2A . Mechanical modeling of an elastic thread in the absence of thermal fluctuations reveals a deflection length l τ ¼ ffiffiffiffiffiffiffiffi A∕τ p over which a bend deformation is dispersed, where A ¼ k B Tl p is the athermal bending modulus of the chain (11, 18) . As the deflection length l τ becomes less than the persistence length l p , the tight bending of the chain will suppress thermal undulations (19) , and the free energy will be energetically dominated by the bend deformation energy. Therefore, ΔF ⊥ ∕ðk B TÞ → 4 ffiffiffiffiffiffif
, where θ is the polar angle of the end orientation; we plot this limiting behavior as the dashed curve in Fig. 2A .
In the limit of small tension, the thermal undulations completely overwhelm the bend deformation; i.e., thermal wrinkles are large in comparison to the smooth bend due to tension. The limiting behavior for small tension is insensitive to the chain rigidity, thus the polymer behaves as a Gaussian chain. The influence of the end orientation effectively shifts the starting point of the Gaussian chain over by the distance 2l p sin 2 ðθ∕2Þ, which is thê z-direction projection of a single Kuhn segment pointed in the direction of the end tangent. Therefore, ΔF ⊥ ∕ðk B TÞ →τ sin 2 ðθ∕2Þ asτ ¼ 2ðl p ∕l τ Þ 2 → 0. This limiting behavior is plotted in Fig. 2A (dotted curve) .
Within Fig. 2A , we show typical conformations from Monte Carlo simulations of a clamped chain held under tension. The four snapshots are for increasing tensions given by the four points identified in the plot. The square clamp on each conformation indicates the chain end that is clamped and pointed in the upwards direction, and the right-pointing arrow indicates the chain end that is subjected to tension. The conformations reveal the crossover between the two limiting behaviors. Thermal fluctuations overwhelm the bending deformation for small tensions, and the tight bending of the chain at high tensions suppresses conformational wiggles in the vicinity of the bend.
The rotational behavior of a spool under tension is dictated by the free energy change of reorienting the chain ends against the tension, as described by the physical arguments presented in the preceding paragraphs. To show this effect, we plot in Fig. 2B the orientation probability PðN B ;θ;ψÞ (Eq. 8) for a spool with nucleosome dimensions (R ¼ 4.18 nm and h ¼ 2.39 nm) and N B ¼ 146 base pairs attached held under the tensions given above each plot; these parameters correspond to a fully wrapped nucleosome core particle (6). We set l p ¼ 40 nm and k B T ¼ 4.1 pN nm for this data to correspond to experimental conditions (10) . The surface plots of Fig. 2B identify blue as low probability and red as high probability; the color range is set by the maximum and minimum probability values for the largest tension (τ ¼ Fig. 2A . The profiles in Fig. 2B illustrate freezing of orientation that arises with increasing tensions above the crossover shown in Fig. 2A . Because at small tension (τ < 0.5 pN) there is little orientation bias, we do not expect the unwrapping phenomena to be observable under such conditions, which is consistent with the experimental observation. The experimental tension range for transitions to occur corresponds to tensions where orientation fluctuations are damped. However, we note that even at tensions in excess of τ ¼ 2 pN there remains considerable spool fluctuations that obscure the measurement.
In turning to the experimental data, we first choose to adopt the simplest possible model for the interactions, namely the interaction free energy between each DNA base pair and the histone octamer is constant, independent of sequence and nucleosome binding site (ϕ i ¼ ϕ for all i) and the DNA-DNA interaction parameter ν is set to zero. Undoubtedly, this is an approximation, considering the diversity of interactions within the nucleosome (6) and the sequence and position dependence of the accessibility of nucleosomal DNA (20) . This approach also neglects DNA-DNA repulsion, which was previously studied in the context of nucleosome unwrapping (11) . However, this calculation serves as an illustration of the behavior of our model and isolates the impact of tension-dependent deformation from other energetic effects. Fig. 3 shows a surface plot of the free energy ΔF versus base pairs bound N B and tension τ. The zero-tension behavior with constant binding affinity favors a fully wrapped state. However, as tension increases, two ridges (local free-energy maxima, red A B Fig. 2. ( A) The free energy change ΔF ⊥ for rotating the end of a chain under tension to be perpendicular to the tension direction. The solid curve is our exact result (Eq. 9); the dotted and dashed curves give the small-tension and large-tension asymptotic behaviors, respectively (see text). The four conformations within the figure are typical conformations for a chain held under tension with a perpendicular clamped end, as determined by Monte Carlo simulation. (B) The orientation probability PðN B ;θ;ψÞ (Eq. 8) for a spool with nucleosome dimensions (R ¼ 4.18 nm and h ¼ 2.39 nm) and N B ¼ 146 base pairs attached held under the tensions given above each plot. The surface plots identify blue as low probability and red as high probability with a color range that is set by the maximum and minimum probability values for the largest tension (τ ¼ 2 pN). (11, 21) . Energy-minimized configurations (i.e., the dominant term in the partition function for ΔF) are shown to the right of Fig. 3 for the equilibria A ↔ C and D ↔ F. The existence of the transition states emerges due to considerable deformation of the unbound polymer segments (11), as evidenced by the spool configurations in Fig. 3 . The stable wrapped states (A, C at 2.90 pN and D, F at 4.93 pN) have end orientations that align favorably along the tension direction, and the transition states (B at 2.90 pN and E at 4.93 pN) have end orientations that result in considerable end-segment deformation. Therefore, the application of tension to unravel the spool causes transition states to emerge that are not inherently part of the physical behavior at zero tension. This predicts that the experimentally observed transitions (7-10) may not stem from underlying structural rearrangements of the nucleosome. Fig. 4 gives the free-energy barriers between stable states, extracted from Fig. 3 . The solid-blue and dashed-blue curves, respectively, mark the forward and reverse transition barriers for the first unwrapping event, and the solid-red and dashed-red curves are analogous curves for the second unwrapping event. The equilibrium at 2.90 pN between states A and C has a barrier height ΔF ‡ ≈ 6k B T in both directions, and the equilibrium at 4.93 pN between states D and F has a barrier height ΔF ‡ ≈ 15k B T. From Kramers theory (22), the transition rates for these two equilibria have a ratio k A→C ∕k D→F ≈ expð−6 þ 15Þ ≈ 10 4 . Because the first transition is predicted to occur 4 orders of magnitude faster than the second transition, there is a wide range of pulling rates where the first transition behaves reversibly and the second transition behaves irreversibly, which is consistent with the experimental behavior (10) .
The discrepancy in the transition rates arises from the influence of tension on the transition state. The transition states for both unwrapping events have substantial bending deformation of the chain end segments. The first unwrapping event occurs at smaller tension than the second unwrapping event (2.90 pN  versus 4.93 pN) . The chain deformation is amplified with increasing tension, causing the second transition barrier to be substantially larger than the first. The act of pulling the chain ends introduces discrete unwrapping events that are not inherent in the underlying model due to the substantial bending energy of the end segments. Because this energy increases with tension, the barriers for these unwrapping events increase with tension, causing the second unwrapping event to be orders of magnitude slower than the first.
Previous treatments have provided alternative explanations for the discrepancy in the unwrapping rates. In ref. 23 , Brownian dynamics simulations of a single nucleosome under 16 pN tension show that the unwrapping of the first turn is substantially faster than the second one. This effect was attributed to an apparent barrier to the second unwrapping event, associated with a slow rotation of the nucleosome against tension. However, there was not a proposed mechanical explanation for this barrier. Furthermore, ref. 23 also argues that DNA-DNA repulsion plays a key role in facilitating the first unwrapping event. Ref. 11 proposes a general model for the unwrapping of DNA spools under tension. As in our theory, this model predicts distinct unwrapping events due to deformation of the unbound DNA segments. However, ref. 11 attributes the difference in unwrapping rates to DNA-DNA repulsion. The observation of distinct unwrapping events for nucleosome arrays under tension in ref. 9 was proposed to be caused by high affinity sites on the histone octamer that pin segments of the DNA. These segments were proposed to be released at distinct tension values. Our theory, which does not contain site-specific binding affinity or DNA-DNA repulsion, predicts a large difference between the rates of the first and second unwrapping transitions. Thus, the free energy of chain deformation is sufficient in and of itself to explain these effects.
Owing to the distinct demarcation of the free-energy surface into three stable thermodynamic states (Fig. 3) , our model is easily converted into a 3-state kinetic model with forward and reverse rate constants governed by overdamped Kramers theory (22) . We numerically solve the resulting kinetic rate equations to simulate the dynamic response of a single nucleosome under tension. Our kinetic model assumes that changes in N B are slower than the relaxation of the DNA strand and nucleosome, thus the transition kinetics are based on the equilibrium free-energy surface (Fig. 3) . This approach is ideal to simulate single-molecule Fig. 3 . Surface plot of the free energy ΔF versus the number of base pairs bound N B and the tension τ (high and low free energy in red and blue, respectively). The free energy exhibits tension-dependent barriers (red curves) that separate stable wrapped states (green curves). At 2.90 pN, state A is in equilibrium with state C, with a transition at state B, and at 4.93 pN, state D is in equilibrium with state F, with a transition at state E. The energyminimized configurations of these states are shown to the right. Fig. 4 . Free-energy barriers ΔF ‡ between stable states in the free-energy surface (Fig. 3) . The forward and reverse barriers are shown as solid and dashed curves, respectively. The first transition corresponds to the blue curves, and the second-transition curves are shown in red. Equilibrium transitions roughly occur when forward and reverse barriers are equal, marked by the dots for transitions A ↔ C and D ↔ F.
experiments that occur over large time scales (>1 sec), which is impractical for many molecular-based theories.
The dynamic simulations of nucleosome unraveling requires the determination of the rate constant k 0 for DNA fluctuations on the nucleosome. We determine this dynamic parameter by fitting the experimental data for the second unwrapping event probability between 5.5 pN and 8.5 pN for the loading rate η ¼ 2.4 pN∕ sec (complete data given in figure 3b of ref. 10; see SI Appendix for details). This procedure results in a rate constant k 0 ¼ 4.33 × 10 6 sec −1 , with an R 2 value of 0.97 for the data fit. The equilibria at 2.90 pN and 4.93 pN give the transition points for a reversible experiment-i.e., substantially slower than both transition rates. However, the application of a time-dependent tension τðtÞ ¼ ηt þ τ 0 (with time t, pulling/relaxing rate η, and initial tension τ 0 ) results in transitions that occur at tensions that deviate from the equilibrium transitions. In the left plot of Fig. 5 , we show theoretical force-extension curves using our kinetic model for a constant binding affinity ϕ ¼ −3.03 pN nm∕bp, no DNA-DNA interaction (ν ¼ 0), and pulling and relaxing rates of η ¼ AE2.40 pN∕ sec. At this rate, the pulling curve (green) exhibits a reversible transition at an average force of 2.92 pN with standard deviation 0.38 pN and an irreversible transition at 9.51 AE 1.38 pN; the relaxing curve (blue) has a first refolding transition at 3.60 AE 0.33 pN. The significant hysteresis for the second transition arises from a tension-dependent transition barrier associated with the structural deformation of the transition state.
We have plotted our theory against four sets of experimental data (10) in the right plots of Fig. 5 . The experimental forceextension curves for the three states match the force-extension curves for the three wrapped states in the theory. However, the experimental traces exhibit transitions at a wide range of tensions, sometimes closely matching theory and sometimes deviating substantially. Our theory is based on a statistical average over possible transition events and thus is not expected to precisely match individual traces.
We use experimentally obtained average transition tensions as a direct comparison to our theoretical predictions. Average tensions for the first and second unwrapping events are reported in ref. 10 as 2.9 pN and 8-9 pN, respectively. We find the average rewrapping tension from 30 experimental data traces. We note that these traces represent a small subset of the data reported in ref. 10 . These traces are shown in SI Appendix, along with five others where no distinct rewrapping transition was observed. The experimental average rewrapping tension is 3.60 AE 2.83 pN, while our theory predicts rewrapping at 3.60 AE 0.33 pN.
Our simple theory predicts similar tensions for the hysteresis as seen in the experiments. Given that DNA-DNA repulsion has been previously implicated as the primary explanation for the difference in unwrapping rates (11, 23) , we now discuss the impact of nonzero values of the DNA-DNA repulsion parameter ν on the transition kinetics. Our 3-state kinetic model predicts that increasing ν actually shrinks the hysteresis window. The second equilibrium transition increases from 4.93 pN as ν increases from zero. Consequently, the fundamental rate constant k 0 necessary to fit the second unwrapping tension to experimental data in ref. 10 would be larger than previously determined. As k 0 increases, the tension at the initial rewrapping event also increases, shrinking the hysteresis window. We are not suggesting that there is no DNA-DNA repulsion; however, this repulsion does not explain the range of the experimental hysteresis.
The presence of high-affinity patches within the histone octamer could alter the transition kinetics (9) . To test these effects, we have modified our theory to include two high-affinity patches (Δϕ ¼ −5.00 pN nm∕bp) of 10 bp size at AE40 bp from the dyad axis, simulating the experimentally observed patches (9) . The resulting theoretical force-extension curves are included in SI Appendix. Overall, this modified theory still exhibits two transitions at similar forces as the constant binding theory; thus, these transitions are governed by the physical mechanisms addressed in this manuscript. Adding site-specific binding affinity to our model does not introduce any barriers at zero tension, if all of the sites have some favorable interaction with the DNA (all ϕ i are negative). In principle, large barriers at zero tension could arise if the site-specific binding affinity has large segments that are repulsive to the DNA, with positive ϕ i values. There does not appear to be a physical justification for such repulsive segments, so we conclude that most likely the zero-tension behavior results in gradual unwrapping without barriers.
Experimental measurements of nucleosome unwrapping in high salt concentrations exhibit a similar high-tension transition, but the low-tension transition is more of a plateau, without a distinct rip (10) . Increasing salt will decrease both the persistence length and the binding affinity, though we do not have an experimental determination of the change in these two parameters. To address the qualitative change associated with reduced binding Fig. 5 . Tension versus extension for pulling and relaxing a DNA strand with a single nucleosome. Theoretical curves for pulling (green) and relaxing (blue) are shown with the corresponding minimized configurations for the states (left plot). Four sets of experimental data (10) for pulling (black dots) and relaxing (red dots) are plotted against our theory (right plots).
affinity, SI Appendix includes calculations of the force-extension behavior of our model with a reduced binding affinity ϕ ¼ −1.37 pN nm∕bp and a persistence length 40 nm (same as previous model). The dominant feature of this reduced binding-affinity model is the elimination of the first transition while maintaining the second transition, which is consistent with the experimental observations at high salt concentration (10) .
The experiments exhibit considerably larger spread in rewrapping tension than predicted by our theory. Furthermore, our theory predicts that the natural rewrapping progression occurs via two rewrapping events, and several experimental data traces exhibit either a single rewrapping event or no observable rewrapping event. These distinct experimental observations could arise due to improper formation of a canonical helical structure during the initial rewrapping, which would not be captured by our theoretical model. Our theory neglects internal bulges or unbound segments between two bound DNA segments, and the unwrapping and rewrapping occurs progressively from the segment ends. Nonprogressive unwrapping and rewrapping would add additional pathways to these processes, potentially contributing to the spread in the observed transition tensions. Our theory also assumes that the histone octamer remains fully intact when the DNA is removed and that the histone proteins do not need to reengage with each other before the rewrapping occurs. The experiments exhibit a rewrapping that is independent of histone protein concentration (10) , suggesting the histone octamer remains bound to the DNA when the nucleosome is unwrapped. However, the octamer structure could be slightly altered in the unwrapped state, leading to an additional kinetic process that must occur before complete rewrapping occurs. This effect could also contribute to a broad range of rewrapping tensions that would not be captured by our theory.
Conclusions
Our theoretical analysis in this paper elucidates a critical issue in single-molecule biophysics. While the application of external tension can coax chemical and structural transitions to occur on experimentally accessible time scales, it can also alter fundamental thermodynamic and kinetic properties of the system. Therefore, extrapolating the behavior to the tension-free case requires a quantitative understanding of the impact of tension.
In the mononucleosome example, our model separates the thermodynamic contributions into a tension-dependent term, ΔF conf , and a tension-independent term, ΔF bind . Our results suggest that the experimentally observed states are a consequence of the tension and the structural geometry rather than reflecting a natural set of states at zero tension. Because the transition states exhibit tension-dependent structural deformation, the transition kinetics slow dramatically with increasing tension. Our model facilitates a direct comparison with single-molecule experiments (10) , resulting in the conclusion that both tension-dependent deformation and detailed interactions contribute to the observed effects. Tensions that arise in vivo from transcription and chromatin-segregation machinery are comparable in magnitude to the values discussed in this manuscript, suggesting that tension-dependent deformation may also play a role in the biological setting.
Several other biopolymer complexes have fully wrapped DNA configurations, such as gyrase and toroidal condensates. Furthermore, the physical mechanisms discussed in this manuscript are still relevant for the unbinding of proteins that only partially wrap DNA. Such proteins include Catabolite Activator Protein, TATA-binding protein, IHF, and TF1, as well as many others. In all of these cases, we anticipate that structural deformation of the unbound DNA will affect the observed unbinding when tension is applied. Furthermore, the binding of multiple proteins would result in an effective wrapping of DNA within the complex, resulting in conditions where tension-induced barriers would arise. Our work demonstrates that in the interpretation of singlemolecule experiments there is a critical need to untangle the impact of tension from that of the intramolecular forces that govern tension-free behavior.
